The Kaposi's sarcoma-associated herpesvirus (KSHV) encoded latent nuclear antigen latencyassociated nuclear antigen (LANA) plays an essential role in viral episome maintenance. LANA also contributes to DNA replication and tumorigenesis during latency. Recent studies suggested that LANA was involved in regulation of SUMOylation, which results in chromatin silencing. To examine the pleiotropic effects of LANA protein on host cell gene expression, we utilized MS analysis to identify cellular proteins associated with the small ubiquitin related modifier (SUMO) interacting motif of LANA (LANA SIM ). In addition to the six bands identified as substantially associated with LANA SIM , 151 proteins were positively identified by MS/MS analysis. Compared with previous proteomic analysis of the N-and C-truncated mutants of LANA (LANA NC ), our results revealed that a complex of specific proteins with relatively high SUMOylation and SIM motifs is associated with LANA SIM . Intriguingly, consistent with our previous report that identified KAP1 as a key component, the in vitro SUMO-2-modified isoform has a substantially higher affinity with LANA SIM than the SUMO-1-modified isoform. Moreover, via cluster and pathway analysis, we proposed a hypothetical model for the LANA SIM regulatory circuit involving aberrant SUMOylation of cell cycle (particular mitotic), DNA unwinding and replication, and pre-mRNA/mRNA processing related proteins. This study provides a SUMOylated and non-SUMOylated proteome profile of LANA SIM -associated complex and facilitates our understanding that viral-mediated gene regulation through SUMOylation is important for Kaposi's sarcoma-associated herpesvirus persistence and pathogenesis.
Introduction
PTM with the small ubiquitin related modifier (SUMO) is one of the key strategies for protein regulation in eukaryotic cells. It is essential for a wide range of cellular processes including chromatin organization, transcription, DNA repair, subcellular localization, protein stability, and signal transduction [1, 2] . However, the aberrance of SUMO regulation is highly associated with various diseases and cancers [1, 3] . In vertebrate cells, there are at least four isoforms of SUMO are identified-SUMO-1, SUMO-2, SUMO-3, and SUMO-4. SUMO-2 and SUMO-3 collectively are referred to as SUMO-2/3, due to their shared 97% sequence identity, and are 50% identical with SUMO-1 [4] . SUMO-1, -2, and -3 are ubiquitous in human cells, while SUMO-4 is tissue specific and its biological functions remain unclear [4, 5] . Covalent and reversible attachment of SUMO to a target protein requires the E1 heterodimeric SUMO-activating enzyme Uba2-Aos1 and the E2 SUMO-conjugating enzyme Ubc9 [4] . Although many substrates can be SUMOylated directly by Ubc9 in vitro, it is believed that in vivo the specificity of the reaction is regulated by SUMO E3 ligases, which stimulate the transfer of SUMO from Ubc9 to a lysine chain in the substrate molecule [6] . To date, a core consensus motif KxE has been identified as SUMOylation sites, in which presents a large hydrophobic amino acid, K is the SUMOylation site, X indicates any amino acid, and E is glutamic acid [7] . A major difference between SUMO-1 and SUMO-2/3 is that SUMO-2/3 can form poly-SUMO chains on substrate proteins through their internal KxE motif [7] . However, the collective experimental data show that approximately 40% of known SUMOylation sites do not conform to this canonical consensus motif, while an algorithm using a group-based prediction system reveals noncanonical SUMOylation sites [8, 9] . In addition to covalent modification by SUMO, proteins may also interact noncovalently with SUMO through their SUMO-interacting motifs (SIMs), which are usually characterized by a stretch of consensus hydrophobic residues (i.e. -V/I-x-V/I-V/I-) [10, 11] . The function of these motifs enables interactions between a SUMOylated protein and its partner. Since the discovery of SIMs and their roles in regulating the activities of cellular proteins, substantial studies on noncovalent interactions between viral proteins and cellular SUMO family members have been reported [3, 12] .
Kaposi's sarcoma-associated herpesvirus (KSHV, also known as human herpesvirus 8), the second identified oncogenic DNA virus, has been linked to several human malignancies including Kaposi's sarcoma, primary effusion lymphoma, and multicentric Castleman's disease [13, 14] . Like other herpesvirus, KSHV has latent and lytic replication life cycle, which is tightly regulated by its own genes. One of which, the latency-associated nuclear antigen (LANA) encoded by ORF73, is the dominant molecule essential for establishment and maintenance of KSHV latent infection and pathogenesis [15] [16] [17] . LANA is a multifunctional protein involved in regulation of cellular and viral gene transcription, DNA replication, and tethering the viral episomal DNA to the host chromosomes during mitosis [18] . The molecular mechanisms of how LANA performs the range of functions are actively investigated. In addition to the accumulating body of research on the biological functions of LANA, we and others recently revealed that LANA was SUMOylated and contains unique SIM motifs, which is essential for KSHV persistence during latency [11, 19] . Therefore, the SUMO pathway may play a key role in LANA-mediated regulation of the KSHV life cycle and a variety of host cellular processes.
In this study, to further obtain a more comprehensive view of the role of the SIM motif of LANA (LANA SIM ) in KSHV latency, we explored the profile of cellular proteins associated with LANA SIM through proteomic studies, and addressed the difference of SUMOylated and non-SUMOylated proteomic interactions between the LANA SIM and LANA NC (the N-and C-truncated mutants of LANA) residues [20] , and highlighted the regulatory functions of LANA SIM associated with the cellular signal pathways. These results provide new insights into the range of mechanisms linked to LANA functions in regulating KSHV persistence and pathogenesis at a molecule network level.
Materials and methods

Preparation of nuclear extracts
To harvest nuclear extracts (NEs), cells were resuspended in four times the volume of the pellet in NE buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 with protease inhibitors) after cold PBS wash, incubated on ice for 1 h, and then transferred to a prechilled douncer followed by homogenization with 25 strokes. Homogenized samples were transferred to Eppendorf tubes and spun at 2000 rpm for 5 min at 4ЊC. The supernatant was aspirated and the pellet resuspended in two times the volume of NE Buffer B (20 mM HEPES pH 7.9, 10% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA with protease inhibitors). This was incubated on ice for 30 min and centrifuged at 13 000 rpm for 20 min at 4ЊC. The supernatants were transferred to fresh Eppendorf tubes and an equal volume of NE Buffer C (20 mM HEPES pH 7.9, 30% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA with protease inhibitors) added. This was then aliquoted and the samples snap frozen at -80ЊC before use.
Protein expression and in vitro pull-down assays
Overnight starter cultures (50 mL) of BL21 (DE3) transformed with plasmid expressing GST or GST-fused protein were used to individually inoculated 500 mL of Luria broth culture medium with specific antibiotic and grown at 30ЊC to a density of appropriately 0.6 optical density at 600 nm. After 1 mM IPTG induction at 30ЊC for 4 h, the bacteria were collected and sonicated in lysis buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.5% NP40, 1 mM EDTA, 1 M DTT, 5% Sarkosyl, and the protease inhibitor cocktail). Recombinant proteins GST, GST-SIM (240-300 of LANA), GST-LANA 1-329 , or GST-LANA 1-329 ⌬SIM were purified by glutathione sepharose chromatography according to manufacturer's instruction (Amersham Biosciences). The carboxy-terminal (945-1162) and amino terminal (1-340) mutants of LANA (referred as LANA NC ) tagged with GST were also performed similarly in the previous study [20] . For pull-down assay, cell NEs were individually incubated with GST or the relevant GST fusion proteins loaded on beads for 3 h at 4ЊC in NETN-binding buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 m ZnCl 2 , 10% glycerol, freshly supplemented with 0.1 mM Dithiothreitol and protease inhibitors). After washing, bound proteins were eluted with SDS sample buffer and analyzed by gel electrophoresis followed by Coomassie staining.
Gel slice preparation and MS
Twenty micrograms of total bound proteins were separated on a 4−15% precast gel (BioRad). The gel was Coomassie stained, and the lanes in the LANA SIM and control samples were individually cut into six equal-sized pieces using an in-house cutting device. Protein standard bands served as a guide for the excision of gel slices of various molecular weight size ranges (40-50, 60-80, 90-100, 110-130, 140-170, and 200-300 kDa; Fig. 1 ). The excised gel pieces were subjected to washing with 100 L of 50 mM ammonium bicarbonate in 50% ACN, and dehydrated in ACN followed by solvent removal using a vacuum centrifuge. Samples were then swollen in 100 L of a digestion buffer containing 50 mM ammonium bicarbonate, 5 mM calcium chloride (50 L), and 12.5 ng/mL of trypsin for overnight digestion. Peptides were extracted into 20 mM ammonium bicarbonate (100 L) followed by two separate extractions into 100 L of water/ACN/formic acid (10:10:1, v/v/v). Extracted peptides were resuspended in 10 L of 5% ACN and 0.1% TFA, run on a MALDI-TOF) mass spectroscopy (Applied Biosystems).
Protein identification and data analysis
Peptide matches were identified by MALDI-TOF-mass spectroscopy for molecular weight determination and MALDI-TOF/TOF for sequence information and nano-LC/Qstar-XL (Applied Biosystems) analysis. The data were analyzed with GPS explorer/Analyst QS software and searched with Mascot software (Matrix Science Ltd.) against the National Center for Biotechnology Information database (NCBI). The proteins with MudPIT score with a cut-off above 40 were selected for analysis. Over twofold peptide absolute counts from LANA SIM than control samples with twice repeats were selected for analysis. Based on the proteomics band analysis and the whole genome protein-protein interaction network in humans [21] [22] [23] , both core network (119 genes) and extended network (49 456 genes) were constructed for all gel slices analyzed. In the core network, two interaction partners are in the corresponding proteomics slice. The interaction relationships in the extend network had at least one interaction partner. Moreover, pathway and function annotation information were downloaded from MSigDB [24] . Then, enrichment analysis was fulfilled between the core and extended network and all the current available pathway and function categories. The most significant pathways and function categories were picked out on the basis of the enrichment p-value. The enrichment p-value is calculated on the basis of the hypergeometric distribution in this study.
In vitro SUMOylation assay
All purified recombinant proteins SUMO-1/2, Aos1/Uba2, and Ubc9 proteins were purchased, and in vitro SUMOylation assay was performed according to manufacturer's instruction (Shanghai Chairmade Inc., China). Briefly, a 100 L volume containing 100 nM Aos1/Uba2, 1.5 M Ubc9, 10 M mature SUMO-1/2, 50 mM Tris, 5 mM MgCl 2 , 2 mM ATP, pH 7.5, and 0.5 M of purified His-KAP1 was incubated for 3 h at 37ЊC. Reactions products were used for GST pull-down assay or directly quenched with SDS loading buffer, and subsequently analyzed by SDS-PAGE and immunoblotting.
Immunoblotting
Protein samples were separated by SDS-PAGE and transferred onto nitrocellulose membrane (Pall Corporation, USA). After blocking with 5% nonfat dry milk in PBS (2 mM KCl, 120 mM NaCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 ) containing 0.1% Tween 20, proteins of interest were probed with the corresponding antibodies: CBP(A-22), p300(C-20), Sin3A(AK-11), DNA-PKc(18-2), and KAP1(20C1), purchased from Santa Cruz or Abcam, and RBP-J(BWH39), obtained from Elliott Kieff (Harvard Medical School, Boston, USA), followed by appropriate infrared-conjugated secondary antibodies (Alexa Fluor 800 or 680), were used with the Li-COR (Lincoln, Nebraska, USA) Odyssey scanner.
Statistical analysis
Data were analyzed by the Statistical Package for Social Science software 20.0 (IBM Corp., Armonk, NY) for statistical analysis. All statistical tests were 2-tailed, and results were considered significant when p value is less than 0.05.
Results
Quantitative proteomic analysis of LANA SIM -associated proteins in vitro
To determine the proteomic profile of LANA SIM -associated proteins, we performed in vitro pull-down assays with NEs from KSHV-positive BC-3 cells. NEs were incubated with glutathione-conjugated beads bound to the recombinant protein of GST fused with the SIM motif of LANA, followed by MALDI-TOF MS analysis and protein sequencing identification ( Fig. 1A ). With two gradient washing conditions for GST beads, six specific bands of LANA SIM -associated proteins were consistently observed in Coomassie-stained gel as our previous studies (see Fig. 1B and [11] ). Compared with the parallel samples from GST control, 151 proteins were exclusively identified by MS/MS analysis as significantly associated with LANA SIM (over twofold, p < 0.05) ( Table 1) .
Comparison between LANA SIM -and LANA NC -associated proteomic profiles
To investigate whether there are some identified protein overlap between the LANA SIM -associated proteome profile and the LANA NC -associated proteome profile reported previously [20] , we aligned each protein within the LANA SIM and LANA NC profiles. Surprisingly, there is only one protein namely DNA-PKc that was identified in both LANA SIM and LANA NC profiles, while most proteins were exclusive for each of their independent profiles ( Fig. 2A ).
To address in further detail the difference between the LANA SIM and LANA NC profiles in terms of their relationship to the SUMO pathway, we analyzed the percentage of SUMOylated and non-SUMOylated proteins in each profile through computational prediction of the number of proteins containing the consensus KxE or noncanonical SUMOylation site. Interestingly, as shown in Fig. 2B , in the LANA SIMassociated profile, 92.7% identified proteins have a high potential for being SUMOylated, while relatively lower number (86.7%) was identified in the LANA NC -associated profile. In contrast, the ratio of proteins containing only the consensus KxE (21.1%) or noncanonical (40.8%) SUMOylated sites in the LANA SIM -associated profile were significantly higher (about 2-fold) than that in the LANA NC -associated profile (7.8 and 23%, respectively). Unexpectedly, the majority of the SUMOylated proteins (35% and 48%) in the LANA SIMassociated profile contained only one potential SUMOylation site, while most of the potential SUMOylated proteins (43% and 62%) from the LANA NC -associated profile contained over three SUMOylation sites (Fig. 2C) .
To determine if the SUMOylated proteins in the LANA SIMassociated profile require an increase in the number of SIM motifs, we analyzed the percentage of proteins with different number of SIM motifs (0, 1, 2, 3, >3) in LANA SIM and LANA NC profiles by setting the conserved residues V/I-X-V/I-V/I as a SIM motif. Consistent with our hypothesis, the results showed that over 50% of the proteins in the LANA SIM profile include at least one SIM motif, while only 16.9% of the proteins in the LANA NC profile contained SIM motif ( Fig. 2D ). Moreover, the correlation analysis of the number of SIM motif and SUMOylated sites within the same protein revealed that the LANA SIM and LANA NC associate with two different populations of SUMOylated proteins ( Fig. 2E) . Taken together, this indicates that LANA SIM domain can recruit more specific SUMO-associated proteins compared to LANA NC .
The core network of LANA SIM -associated proteins
To better understand which cellular signal pathways and related functions were modulated by proteins associated with LANA SIM , we clustered the LANA SIM -associated proteome by alignment with over 45 000 genes related to cellular signal pathways. The results revealed that 119 pro-teins of the LANA SIM -related profiles that were matched in the network were linked to translational initiation factor EIF4A, heat shock protein 90, and the SCF ubiquitincomplex scaffold protein Cullin1 (Cul1) as the core proteins (Fig. 3A) . In the specific core signaling pathways, the LANA SIM -associated proteins are mainly involved in the regulation of cell cycle (particularly mitotic), DNA unwinding and replication, and pre-mRNA/mRNA processing, while some are involved in c-myc/c-myb transcription activation network and several metabolic pathways such as fatty acids, triacylglycerols, and ketones (Fig. 3B) . Consistently, the results of functional analysis showed that the majority of LANA SIM -associated proteins belong to the identified core pathway-related enzymes, which include helicases, ATPases, acyl group transferases, and nucleoside triphosphatases (Fig. 3C ).
SUMO2-modified molecules are essential components of the LANA SIM -associated proteome
To further validate the potential associations of the identified LANA SIM -associated proteins in complex with LANA SIM , we selected five major genes including CBP, p300, DNA-PKc, Sin3A, and KAP1 (four was previously reported to be SUMOylated [25] [26] [27] [28] ), and performed in vitro pull-down assays by the incubation of HEK293 cell NE with GST-fused LANA SIM or GST proteins. The RBP-J (a well-known LANAinteracting protein [29] ) and LANA 1-329 ⌬SIM (the deleted mutant of SIM motif at amino terminus of LANA) were used as controls. The results showed that these proteins including CBP, p300, DNA-PKc, Sin3A, KAP1, and RBP-J did associate with LANA through the SIM motif at some extent (Fig.  4A) . Interestingly, the modified isoforms of both CBP and RBP-J proteins with high molecular weight was also greatly presented in the LANA SIM -associated complex. This strongly suggests that the identified profile of the LANA SIM -associated proteome is specific.
To address if SUMOylated molecules are critical partner in the LANA SIM -associated complex when looking at the total LANA SIM -associated protein profile, we found that chromatin remodeler KAP1 (which was shown to be a SUMO E3 ligase [30] ) is one of the identified proteins (above 5% peptide matched) from our MS analysis (Fig. 4B) . Although our previous studies have shown that the SUMO-2-modified isoform of KAP1 is a key partner of LANA SIM in vivo [11] , it remains unknown if the SUMO-2-modified KAP1 does directly bind to the SIM motif of LANA independent of other molecules. To address this question, we performed pull-down assays using in vitro SUMOylated KAP1 with GST-fused wild-type LANA1-329 or its SIM-deleted mutant, respectively. As shown in Fig.  4C , we observed that the SUMO2-modified KAP1 (KAP1-SUMO2) did have a much higher affinity with LANA SIM than the SUMO1-modified KAP1 (KAP1-SUMO1). However, the amino terminus of LANA in the absence of SIM motif was able to interact with native KAP1. This indicates that SUMO-2-modified KAP1 is preferential to bind with the SIM motif of LANA.
Discussion
The MALDI-TOF mass spectrum is a powerful technology for studying the distribution and in situ identification of the molecular machinery within biological tissues with no specific requirement of predefined targets [31] . It is therefore possible to identify the proteomic profile of protein-protein interactions of a protein of interest. To globally address the biological role of LANA in KSHV-mediated latent infection and pathogenesis, several proteomic assays to identify LANAinteracting proteins have been carried out recently by different procedures to address specific questions [20, [32] [33] [34] . However, it is difficult to identify the same LANA-interacting proteins using different proteomic assays, which could be due to the possibilities of using different cell type, expression system, or truncated mutants of LANA. To elucidate the proteomic specificity of the LANA SIM profile, we determined the difference between the LANA SIM -and the LANA NC -associated proteome identified by MS. Unexpectedly, we found that only the DNA-activated protein kinase DNA-PKc appeared in the profiles of both LANA SIM -and LANA NC -associated proteome. This suggests that the LANA SIM -associated proteins have great specificity. The reason why the low overlap of identified proteins between the LANA SIM -and LANA NC -associated proteome could be due to the different enrichment levels of LANA SIM and LANA NC targeting proteins, as well as other unclassified proteins. Nonetheless, there is few protein overlap between the LANA SIM -and LANA NC -associated proteome profiles. Analysis of the functional category of identified proteins revealed that the LANA SIM and LANA NC polypeptides recruit similar functional activities of proteins including ATPases (LANA NC : DD16; LANA SIM : ATP2A2, ATP13A1, ATP synthase ATP5A1 and ATP5B), RNA helicases (LANA NC : DD16; LANA SIM : DHX9, XRCC5, SUV3, DDX17, DDX39A, and DDX6), chaperon (LANA NC : DJC8, nucleophosmin; LANA SIM : heat shock protein 90, Hsp70L), and cytoskeleton (LANA NC : merlin, moesin, periplakin, nebulin; LANA SIM : keratin1, keratin 2, keratin 6B, keratin 9, keratin 10, keratin 19) [20] . In addition, although the proteins from the LANA NC or LANA SIM complexs are different, they are involved in the similar cellular processes, particularly cell cycle control, pre-mRNA splicing regulation, and ubiquitin proteasome pathway. For instance, LANA NC profile contains ubiquitin proteasome system protein FX16 [20] , while the LANA SIM profile includes Cul1, DDB1, and CUL4-associated factor 8. These strengthen our hypothesis that the LANA SIM motif is a functional domain of LANA in modulating cellular processes.
Notably, cytokine and ribosomal subunits were included in the LANA NC -associated protein profile but not in the LANA SIM -associated protein profile, while the LANA SIM exclusively interacted with eukaryotic translation initiation factors (EIF3B, EIF3C, EIF3F, EIF4A3, EIF4G2), translation elongation factor (EEF2, EEF1A1), minichromosome maintenance complex (MCM3, MCM4, MCM5, MCM6, MCM7), structural maintenance complex of chromosomes (SMC1A, SMC3, SMC2, SMC1B), and nucleoporin (NUP133, NUP155, NUP93), indicating that the LANA SIM motif is important for regulating cellular process involved with protein translation initiation and elongation, chromosome maintenance, as well as nucleus-cytoplasm trafficking.
It should be mentioned that consistent with our discovery of LANA SIM and its importance for interaction with SUMO molecules, the recent reports by other groups have shown that both SUMO-1 and SUMO-3 also appears in the LANA complex by using protein array screening and tandem affinity purification-MS, respectively [32, 33] . Moreover, supporting our hypothesis, the ratio of SUMOylated proteins with SIM motif simultaneously in the LANA SIM profile was much higher than that seen in the LANA NC profile (92.7% × 53% = 49.1% vs. 86.7% × 16.9% = 14.6%). This could be due to the fact that the SIM motif can specifically enrich the SUMOylated proteins. For instance, although the LANA SIM -associated proteins contain less SUMOylated site than the LANA NC -associated proteins (48 vs. 26% for only one), among the LANA SIM− associated proteins, 92.7% could be SUMOylated and over half of them containing one or more SIMs, while only 86.7% and about 16% among the LANA NC -associated proteins, respectively. This indicates that both SUMOylated and a SIM motif are key for a protein to associate with LANA SIM . The results of LANA SIM -associated proteome profile include CBP/P300, Sin3A, RBP-J, and KAP1, which have been previously identified as SUMOylated proteins [29, 33, 35, 36] , further support our conclusion that the LANA SIM motif is specifically associated with SUMOylated proteins. Furthermore, our data not only proved that SUMO-2 directly associated with the LANA SIM motif in vitro, but also showed that SUMO-1 or SUMO-2 modification of KAP1 reduced its affinity to nonspecifically bind to GST compared with native KAP1. Although the reaction system of in vitro SUMOylation enhances the nonspecific affinity of GST interaction with KAP1, this could be due to E1 or E2 enzymes acting as a linker and has not been fully explored at this time.
In summary, our proteomic analysis identified a number of known LANA SIM interacting proteins and has significantly expanded the number and functional categories of proteins associated with LANA. A large number of potentially SUMOylated proteins were identified that have important roles in KSHV latency, specifically the regulation of cell cycle, DNA replication, mRNA processing, and chromosome maintenance. The LANA SIM motif therefore forms complexes with SUMOylated and non-SUMOylated proteins belonging to several defined functional classes. This expanded view of cellular interacting proteins may present additional functions involved in KSHV pathogenesis. However, further investigations utilizing exogenous expression systems or siRNAmediated specific individual gene knockdown are required to identify the coupling of functions linked to some of the LANA SIM -associated proteins important for KSHV latency.
